A theoretical study on elastic electron collisions with two conformers of amino acid alanine (CH3CH(NH2)COOH) is reported. Differential and integral cross sections are computed for collision energies in the 1-10 eV range. The UK molecular R-matrix codes are used to compute scattering amplitudes within the static exchange plus polarization (SEP) approximation. Both alanine conformers have large permanent dipole moment so to calculate cross sections the Born closure procedure is included to take into account long-range interactions. Comparisons of calculated differential cross sections with available data for glycine are made and display certain similarities. Two shape resonances are detected for each conformer: a narrow one located at 2.7 eV and 3.5 eV which is probably associated with the unoccupied π * orbital of the carboxyl group, and a broader resonance at 8.6 eV and 9.8 eV.
Introduction
When ionizing radiation interacts with living tissue, high energy electrons are generated, and these electrons interact with their surroundings generating secondary electrons with lower energies in a cascade effect. In a landmark paper, Boudaïffa et al. [1] demonstrated the importance of these secondary, low-energy electrons, with energy less than 20 eV, in causing severe damage to DNA molecules. It has been suggested that most of the damage in DNA, up to 70%, is caused by these secondary, low-energy electrons or ions [2] . The mechanism for this DNA damage is dissociative electron attachment (DEA): basically a low-energy electron is captured by a molecule producing a temporary anion, a resonant state, which can decay into neutral and/or negative ion fragments. It has been shown that this process can induce single or double strand breaks in DNA molecules, depending on which DNA constituent absorbs the low-energy electron and what energy the electron has. These observations have stimulated significant interest in electron-molecule collisions with small biomolecules and the constituents of larger one, with particular emphasis on characterizing the resonance states of these systems. There are many studies of electron collisions with DNA building blocks [3] [4] [5] [6] [7] [8] [9] such as amino acids [10] [11] [12] [13] [14] [15] , nucleobase [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] , sugar and phosphate moieties [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] .
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a e-mail: milton@fisica.ufpr.br L-α-alanine is one of the simplest α-amino acids and is one of the building blocks of natural proteins. Indeed it is one of 20 amino acids used to encode the genetic code. This molecule can therefore be considered a model system for more complex molecules, such as DNA constituents, because it has a carbon backbone as well as carboxyl and amino groups. Alanine also is important for radiation dosimetry as it is used as a secondary standard in high dose dosimetry [44] [45] [46] . In the solid state, L-α-alanine generates stable radicals which are suitable for use in electron paramagnetic resonance (EPR) dosimetry [47] .
There have been only limited studies on electron collisions with the alanine molecule. The first study of gasphase alanine DEA used mass spectroscopy with a high resolution electron energy monochromator [48] . Negative ions were analysed and it was observed that alanine has several features in common with the amino acid glycine, specifically regarding the possibility of attachment of an electron to the unoccupied π * orbital of the carboxyl group (-COOH). This work was extended by Ipolyi et al. [49] , who studied the appearance energies of the positively charged fragments induced by the electron impact ionization and dissociative electron impact ionization of gas phase alanine. Using mass spectroscopy they observed that the value of the ionization energy for the parent ion with m/Z = 89 was 9.12 eV. The most important positive fragments obtained were ions with m/Z of 74, 44 and 28 and appearance energies of 10.74, 9.10 and 10.85 eV, respectively. Total dissociative electron attachment cross sections have been measured for the amino acids glycine, alanine, proline, phenylalanine, and tryptophan, at energies below the first ionization energy by Scheer et al. [50] .
These authors observed an increase in the cross section at 1.2 eV which, following suggestions from other authors, they attributed to attachment via the π * orbital of -COOH group. They also suggested that direct attachment to the σ * orbital may be possible. The first measured elastic differential cross section (DCS) for alanine was presented by Marinković et al. [51] for energies ranging between 20 eV and 80 eV. A set of cross section were computed using a corrected independent-atom method incorporating an improved quasi-free absorption model and the measured data set was normalized to these calculations. Integral elastic, inelastic and total cross sections were also computed for impact energies ranging from 1 up to 10 000 eV. Abouaf [52] studied excited electronic states of glycine and D-alanine in the gas phase using electron energy loss spectroscopy (EELS) and obtained good agreement with recent theoretical calculations [53] . Abouaf [52] also presented DEA cross sections with a series of dips at some energies which were interpreted as due to competition between resonance decay channels.
Electron attachment in clusters of glycine, alanine and serine amino acids inside helium nanodroplets was observed by da Silva et al. [54] . For glycine and alanine, the results recorded in these clusters showed that the major product is parent anions which contrasts with the results for the monomer, where dehydrogenated anions (A-H) − are the major product. Panosetti et al. [10] calculated total elastic cross sections and resonance features for gas phase glycine, alanine, proline and valine at their equilibrium geometries. They studied the one-dimensional dissociation path of transient negative ions following resonant state formation and concluded that it is not possible to explain the detachment of -OH using a simple one-dimensional model in these complex molecules.
In this paper we report theoretical rotationallyunresolved elastic electron scattering cross sections for two different conformers of alanine in the gas phase at impact energies ranging from 1 eV to 10 eV. Given the importance of alanine, as represented by the issues discussed above, it is surprisingly that there appears to be no published calculated or measured elastic differential cross section for this molecule at energies below 10 eV. We have therefore calculated elastic DCS including both polarizations effects and long-range interactions due to large permanent dipole moment of alanine. The influence of polarization effects on the resonance feature is analysed.
The organization of article is as follows: Section 2 presents an outline of the theory and some details of the calculations are provided in Section 3. Section 4 presents and discusses our calculated data; this is followed by a summary of conclusions.
Calculations

The R-matrix method
The UK molecular R-matrix methodology used in this work is well-established and described in detail elsewhere [55, 56] . Here we just present the most important features of the method necessary to understand the discussion.
In the R-matrix method, the configuration space is divided in two regions: inner and outer. The inner region is limited by a sphere of radius a which should contain all electronic density of the N -electrons of the isolated target. In this region, the N + 1 electrons have short-range interactions and a precise description is desirable as the physics here is richer than the outer region because of the correlation and exchange interactions. In the inner region it is necessary calculate the electronic structure of the (N +1)-electron complex only once per symmetry, which is advantageous since most of the computational effort and time are expended here.
In the outer region, the scattering electron interacts with the N -electrons of the target via long range potential interactions, such as polarization or dipole interactions, and no correlation and exchange effects are included. In this region, the scattering electron can be represented by a one-electron wave function which moves in a scattering potential described by the electronic density of the target.
In the inner region, the (N + 1)-electron wave function is described by:
where φ N i is the target wave functions of the ith state and u ij is an orbital used to represent the continuum electron with a partial wave expansion up to some maximum value of , max ; A is an antisymmetrization operator introduced so that the indistinguishable inner-region electrons satisfy the Pauli principle. The second summation in equation (1) contains functions χ
which describe all N +1 electrons but vanish at r = a; thus these are described as L 2 configurations. They are included to relax the constraint of orthogonalization between scattering and target orbitals of the same symmetry, and, as discussed below, to allow for target polarization effects. a ijk and b ik are the variationally-optimized coefficients of expansions.
In our inner region calculations, polarization effects are included via second sum in equation (1) using singlyexcited L 2 configurations of the Hartree-Fock (HF) ground state wave function. This is achieved by promoting one target electron into a virtual (unoccupied target) orbital and simultaneously also placing the scattering electron into a virtual orbital generating a two-particle one-hole (2p,1h) configuration. This model is usually denoted static exchange plus polarization (SEP).
In the outer region, a one-particle coupled secondorder differential equation for the continuum electron must be solved for the electron scattering process. The R-matrix is used to match inner and outer solutions. The R-matrix constructed on the boundary is propagated to large r and then used to obtain K-matrices which are used to compute the scattering observables. Alanine has a large permanent dipole, thus a Born closure procedure is used to compute the effect of the long-range interaction neglected when only partial waves from 0 to max are considered. In this procedure our low-T-matrices are added to analytic dipole Born T-matrices, using the ANR approximation to take account of rotational motion, and then corrected by subtracting the partial wave dipole Born contributions [57] [58] [59] . The rotationally-unresolved elastic differential cross sections are calculated using the code POLYDCS [60] , which also computes rotationally-resolved elastic and inelastic cross section which are then summed until convergence is achieved. Since it is not possible to study rotationally resolved cross sections experimentally for molecules of the size of alanine, only rotationally unresolved cross sections are presented here.
In this work, initial calculations were performed using version 4.1 of the Quantemol-N expert system [61] , with more detailed studies being performed directly with the UKRMol codes [62] . Quantemol-N provides a quick way constructed correct and self-consistent inputs the UKRMol code but the options available do not encompass all possible scattering models that one may wish to test. It is therefore our practice to start from Quantemol-N calculations and adjust these inputs to performing detailed tests if this is thought necessary.
Calculation details
One of the conformers studied is the lowest energy conformer, called conformer I, and the geometry used here is the same described by Blanco et al. [63] . The second conformer of L-α-alanine studied here is based on the nuclear geometry described on the NIST website [64] . This conformer is closer to the conformer IIb described by Blanco et al. [63] . For simplicity, this conformer is called conformer M below; its structure is shown in Figure 1 .
Alanine is a closed shell system with no symmetry so its ground electronic state is 1 A. Both conformers were described at the Hartree-Fock level using 6-31G * basis set and the permanent dipole moment obtained for conformer I is 1.51 D and 5.49 D for conformer M. These are very close to the expected dipole moment values of 1.4 D for conformer I and 5.45 D for conformer IIb [63] . The dipole moment of conformer M is similar to the calculated dipole of conformer II and the experimental value measured for conformer III by Godfrey et al. [66] .
To calculate scattering properties we have used both 6-31G
* and ccp-VTZ basis set to represent the target. However, the results with these two basis sets are essentially the same and, as ccp-VTZ is computationally more expensive, we present results for the 6-31G * basis set. For the L-α-alanine conformer I, the rotational constants used in POLYDCS to calculate rotational excitation cross sections were A = 0.0210261 meV, B = 0.0128418 meV and C = 0.0094067 meV and for the conformer M the rotational excitation cross sections were A = 0.0205562 meV, B = 0.0143724 meV and C = 0.0089903 meV. Our DCS results without Born correction can be considered rotationally unresolved as we sum over rotational transitions until the convergence is achieved. To represent long-range interactions due to large permanent dipole moment we have used Born closure procedure.
To define the boundary of the inner region, we tested the effect of varying the R-matrix radius from 10a 0 to 15a 0 . As we need a balanced basis sets to represent the continuum and the target inside the sphere, we chose a = 11a 0 , although all values gave similar results. The continuum wave functions are expanded in GTOs using a partial wave expansion [67] . We tested the partial waves expansion by calculating cross sections including partial waves from 0 to max = 4 and max = 5. The results are essentially the same; however the max = 5 calculations showed non-physical behavior in DCSs for angles higher than 150
• after the Born closure was introduced. Therefore the results exhibited here are for max = 4 and completed with Born closure, unless otherwise specified.
To allow for polarization effects in the inner region, we employ up to 30 virtual orbitals from the target self consistent field (SCF) calculation to generate (2p,1h) L 2 configurations; both singlet and triplet excited target states were considered. The number of virtual orbitals is more than sufficient to converge a static exchange (SE) calculation. In the outer region the long-range polarization potential could be included a term of the form −α/R 4 [68] . However we chose not to do this here since the permanent dipole moment of alanine is relatively large and dominates the long-range interactions even in the case of conformer I which dipole moment is 1.51 D. feature at around 5 eV. As more polarization is included, this resonant state moves to lower energies. An automated fit to the eigenphase sums using the Breit-Wigner formula [69] gives the final resonance positions(width) for the conformer I at the 2.7(0.3) eV and 9.8(2.5) eV. The resonance positions(width) for the conformer M are 3.4(0.6) eV and 8.6(1.8) eV. Figure 3 shows convergence of the elastic DCS with respect to polarization effects without Born closure for the conformer I, for 2 eV and 10 eV. Conformer I has a smaller dipole moment than conformer M, so polarization effects are expected to exert more influence on the DCSs for conformer I than M. The results suggest that the DCS are reasonably well-converged when 30 virtual orbitals are retained to compute polarization, even if the eigenphase sums themselves may not be fully converged, especially going to higher energies. Our previous study on ethanol [70] showed that use of 35 virtual orbitals gives very well converged cross sections. Figure 4 presents the elastic SEP-DCS including Born correction for I, which take into account the coupling partial wave with > 4 by the long-range potential. Inclusion of the high-contributions raises the DCS significantly and, as expected, causes them to be very strongly forward peaked. Under these circumstances the DCS is much less sensitive to the treatment of polarization than calculations which neglect the Born correction due, simply, to the magnitude of alanine's permanent dipole moment. This means that in practice the Born-corrected DCSs do not change significantly once 10 virtual orbitals are included in the calculation for the conformer M, figure not shown.
Results and discussion
A summary of our final DCSs for both conformers in the energy range from 1 to 10 eV is given in Figure 5 . Below 8 eV, the shape of the DCSs suggests a strong contribution of the d-partial waves which can be associated with the minimum around 130
• . For conformer M, the DCS increases at lower energies meaning that for 1 eV the DCS is larger by a factor of at least 5 than the DCS at 10 eV. This again is a consequence of alanine's large dipole moment. For conformer I, the difference between 1 to 10 eV is not so marked because its dipole is relatively small.
There are no previous theoretical or experimental DCSs at energies lower than 10 eV available for us to compare with. However we can compare our results with those available results for glycine. Alanine and glycine have very similar structures, both have carboxylic group (-COOH), amino group (-NH 2 ). Alanine is slightly larger as it corresponds the substitution of one H atom from the -CH 2 group in glycine by a -CH 3 group. It is possible to get various different conformers with the same sequential arrangement of atoms by only rotating or changing angles of chemical bonds. Figure 6 compares our DCS for conformers I and M (with no Born correction) with available data for the lowest energy conformer of glycine from Tashiro [71] and dos Santos et al. [72] . The results for glycine do not include a Born correction. At the low impact energies it is possible to see clearly differences in the DCS between alanine conformers I and M caused partially by the different arrangement of atoms, but mainly due to the difference in magnitude between the dipole moments. As the impact energy increases, the DCSs become similar. While the permanent dipole moment of alanine conformer I (1.51 D) is similar to the glycine which is 1.32 D [72] , conformer M has a much bigger dipole moment (5.49 D). Despite the differences in molecular size and dipole moments, these three molecules have very similar DCSs. Even without the Born correction, the DCSs for conformer M has a more pronounced peak at forward angles than glycine at all impact energies considered. However above 50
• , the alanine conformer M results are generally close in magnitude to those available for glycine. Figure 7 shows how our calculated integral cross sections (ICS) depend on polarization effect (number of virtual orbitals) for both conformers, without Born correction just to emphasize the resonance features. It is well-known that molecules containing -COOH group often show π * resonance features in low-energies electron collisions [73] . Our calculations give a sharp, low-energy resonance peak at 2.7 eV and 3.4 eV for conformers I and M respectively, which are in good agreement with the resonance energy around 3 eV calculated for various amino acids, such as, glycine, alanine, proline and valine, by Panosetti et al. [10] . For comparison, our alanine conformer M resonance position is the same as that obtained by Tashiro [71] for glycine using a similar model of polarization to the one we use here. The resonance position for conformer I is in good agreement of 2.3-2.8 eV obtained for glycine by dos Santos et al. [72] .
There are various studies indicating that the π * resonance can be related to the DEA peak products at electron impact energy near 2 eV for amino acids. Aflatooni et al. [73] used electron transmission spectroscopy to measure vertical attachment energies for the formation low-lying temporary anion states of alanine at 1.80 eV and suggested that the origin of these anions is the temporary occupation of π * vacant orbital of carboxyl group. Ptasińska et al. [34] studied DEA in the alanine using high resolution spectroscopy and observed low-energy DEA peaks at 1.27, 1.42, 1.7, 2.7 and 3.2 eV; they associated all these peaks with the π * orbital of carboxyl group. They observed further resonance peaks at higher energies, between 5 and 9 eV, which they indicated that could be associated to first and second excited state and were observed in almost all ions they studied. We find a broad resonance for conformers I and M at 9.8 and 8.6 eV, respectively, whose presence can also be seen in the cross sections presented in Figure 7 . Unlike the low energy resonance, it is not straightforward to be specific about the nature of this resonance feature. For glycine, Tashiro considered that the higher resonance could be related to core-excited states and dos Santos et al. speculated that a shape resonance observed at 9.5 eV could be related to the sigma orbital located at hydroxyl group, but they not present any positive evidence for this. sion at low impact energies. In this context, we note that a recent joint experimental-theory study on electron collisions with 1,4-dioxane [74] found good agreement with SEP calculations performed using the UKRMol codes up to energies of 20 eV but less satisfactory agreement with IAM calculations. These findings are consistent with the fact that the IAM does not consider detailed structural information for the target which is important at for lowenergy electron collisions but become less so at higher energies. Despite this, our results seem to be in better agreement with Marinković et al. at impact energies lower than 4 eV than with Panosetti et al. Below 2 eV our ICS are bigger than the other results, which can be attributed to the way that we include Born correction.
The discrepancies observed between our results and of Panosetti et al. is slightly more puzzling but can probably be attributed to different levels of polarization in the calculation which can be gauged by different resonance peak positions. Panosetti et al. state that they use a potential model to represent the collisions which includes exchange, correlation and polarization effects. Panosetti et al. studied a series of amino acids: glycine, alanine, proline and valine; they state that for most of these amino acids the resonance energies are around 3 eV but their figure for alanine shows the lower resonant structure near 4.5 eV. This value is similar to ours (4.5 eV) calculated at the static exchange level without polarization effects included. Similarly, they find a second resonance near 11 eV while we find at 9.8 eV. The incomplete convergence of our eigenphase sums at this energy suggest that our value is almost certainly an upper limit for the true position of this resonance. Finally, our larger cross sections at energies below 4 eV can be explained by their inclusion of partial waves up to 80 while our Born correction considers all partial waves.
Conclusions
We report a study of electrons scattered elastically by two alanine conformers in the gas phase for electron energies in the range 1 to 10 eV. The DCSs were calculated using R-matrix method and taking into account polarization effects at the SEP level retaining up to 30 virtual orbitals in the excitation space. The large dipole moment of alanine means that the dipole interaction, not the polarization potential, is the dominant long-range interaction, meaning that cross sections can be converged relatively easily in this model. However other properties, notably resonance positions, are more sensitive to short-range effects and it is hard to prove that our calculation completely converges the parameters of the two resonances we identify in this system. The R-matrix with pseudo-states (RMPS) method for molecules [75, 76] offers some hope in performing such calculations in a systematic manner in which convergence of the polarization potential can be demonstrated [77] . However, despite technical advances [78] , an RMPS calculation on the electron alanine problem remains too computationally demanding to be possible.
Despite the differences of a CH 3 group and in the geometry of the main conformers, alanine and glycine have very similar structures. Although the permanent dipole moment of alanine conformer M is much larger than that of glycine, the comparison with available DCS results for glycine show magnitudes generally similar to our results for alanine when no Born correction is included. The differences observed at some energies (e.g., 1 eV) can be attributed to different size of molecules, conformations and dipole moments.
Our calculations find two resonances for each conformers: for conformer I we find one near 2.7 eV and a broader one at about 9.8 eV, while conformer M shows a sharp resonance at 3.5 eV and a broader one at about 8.6 eV. The lower 2.7 and 3.5 eV resonance energy are associated with the π * unoccupied orbital of the carboxyl group. The broad resonances at 9.8 and 8.6 eV cannot be easily assigned to a specific process, but it has been suggested [71] that it could arise from a core-excited states or σ * unoccupied orbital of OH group [50] .
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